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Abstract N N-Factor
A fully automated iterative design method has beens chordwise distance from the leading-edge
developed by which an airfoil with a substantial amounty non-dimensional distance along chord of airfoil

of natural laminarlbw can be designed, while

maintaining other aerodynamic and geometricerﬁk

constraints. Drag reductions have been realized usiny relaxation factor used to meet lift constraint
the design method over a range of Mach numberss relaxation factor used to meet pitching moment
Reynolds numbers and airfoil thicknesses. The thrusts constraint

of the mgthqd are its ability to calculate agtefr N- Subscript

Factor distribution that forces thiotv to undego analysis

transition at the desired location; thegetrpressure-N- .

Factor relationship that is used to reduce the N-Factors” control point
in order to prolong transition; and its ability to design d€s design

airfoils to meet lift, pitching moment, thickness and j airfoil station
leading-edge radius constraints while also being able tgtag  stagnation point
meet the natural laminalofv constraint. The method target
uses several existing CFD codes and can design a new tolerance
airfoil in only a few days using a Silicon Graphics IRIS

. u upper surface
workstation.

Superscript
. Nomenclature . i iteration index
A relaxation factor for N-Factor design method _
c, pressure coefficient Introduction _
L . For many years, reducing drag has been a major

o section lift coefficient

issue in airplane design. Reductions in drag allow
c pitching moment coefficient airplanes to operate morefiefently by using less fuel,
which results in reduced operating costs and smaller
quieter engines. The design of airplanes with bigger
* Graduate Research Scholar Assistant, AIAA Studenpayloads and longer ranges is also possible when drag is

Member reduced.
t Professor of Engineering and Applied Science, Asso- .

ciate Fellow of AIAA There have been many attempts to reduce airplane
t Research Engineer, Senior Member of AIAA drag. Since the 1930’s, there has been a great interest in
§ Research Engineer designing airfoils and wings for natural laminbow

(NLF) to reduce viscous drag. In addition, supercritical
Copyright [ 1996 by the American Institute of Aeronautics and wings were developed to reduce the wave drag on

Astronautics, Inc. No copyright is asserted in the United States unde&irplanes The use of winglets on airplanes today also

Title 17, U.S. Code. The U.S. Government has a royalty-free Iicens% trat it tt d irol d Thi
to exercise all rights under the copyright claimed herein for govern- emonstratés an attempt to reduce airplane drag. IS

ment purposes. All other rights are reserved by the copyright owner.
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paper presents a design method for reducing drag

through the design of NLF airfoils. START
This new design methdccombines proven CFD

analysis and design codes with a nevgéampressure

design technique. Adwchart of the method is shown FLOW SOLVER [—
in figure 1. Starting from an initial airfoil, theldw *

solver, which is an Euler solvér®* coupled with a

turbulent boundary layer methds used to calculate Number of prescribed\ NO

the pressure distribution of the starting airfoil. Then, a iterations completed?

laminar boundary layer solRis used to calculate the

boundary layer velocity and temperature profiles. These * Yes

profiles are then used by COSAlthe stability analys_is _ LAMINAR BOUNDARY

code, to calculate the N-Factors of the current airfoil. LAYER SOLVER D E—
Using the current pressures and N-Factors, Hrget

Pressure Design module then calculatesgetgressure *

distribution that increases the amount of lamirauvf

over the airfoil. STABILITY

ANALYSIS CODE

Once the taget pressures are known, the CDISC
airfoil design methofithen iteratively designs a new

s . . i Yes
airfoil which possesses this ¢t pressure distribution.
The taget pressures for the design are then netlif <STOP>< Method converged?
the Modify Target Pressures to Enforce Constraints *No
module while using the airfoil design method such that
the aerodynamic constraints are achievedfter TARGET
designing a new airfoil, the boundary layer fesfare PRESSURE DESIGN
then calculated once again by the laminar boundary
layer solver so that the stability analysis code can *
calculate the N-Factors of the new airfoil. If all of the AIRFOIL
design constraints are met, then the method terminates. |—®
Otherwise, the method will continue to iterate until the DESIGN METHOD
prescribed number of iterations is achieved. *
The Target Pre_ss_u_re D_istri_bution FLOW SOLVER
After choosing an initial airfoil, the pressure
distribution of the airfoil is calculated using the Euler *
sollvelr,tagd t_he I:Ih-F?ct(_)r enbveloge o;‘ the ai:foil isd (Number of prescribed Yes
calculated using the laminar boundary layer solver an . ; —
the stability analysis code. Then, from the current iterations completed?
pressure and N-Factor distributions, ag&drpressure * No
distribution is calculated that meets all of the
aerodynamic constraints. The module labeladat MODIFY TARGET
Pressure Design in figure 1 is responsible for calculating PRESSURES TO
this new taget pressure distribution. FiguresBows a ENFORCE
detailed fowchart of how the @rget Pressure Design CONSTRAINTS

module calculates the newdat pressures. Each of the

components in this flowchart will now be discussed. Figure 1. A flowchart of the NLF airfoil design method

The Tamet N-Factor Distribution

Once the analysis N-Factor distribution has been N order to calculate the tget N-Factor
calculated by the stability analysis code, ayeaN-  distribution, four control pointsx, , , x., 5, X;, 3 @nd
Factor distribution must be prescribed, as demonstrateltp, 4) &€ specified. The first control point is located at
by the frst module inigure 2. This taget N-Factor

the point where the analysis N-Factairstfbecome
distribution must force thédiw to undego transition at  9reater than an N-Factor levél,,, . Ahead of the first
the desired location.

control point, the analysis N-Factors are kept as the
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Obtain upper surface target N-Factpis

Y

Extrapolate upper surface analysis N-Fagt

Y

Use N-Factor Design Method to
calculate upper surface target pressurgs

Y

Calculate upper surface targe
pressures in recovery region

Y

Modify upper surface target pressureSS
to meet aerodynamic constraints

Y
(Is this the first iteration?L
* Yes

Modify upper and lower surfacs
pressures to meet leading-edge
radius constraint

Y

Modify upper surface target pressures
to meet aerodynamic constraints

Y

Calculate lower surface
target pressure distribution

Y

Modify upper surface target pressurgs
to meet aerodynamic constraints

Figure 2. A flowchart of the aiget Pressure Design
module

3

target N-Factors. Beyond this point, the other control
points and their N-Factor levels are used to calculate the
target N-Factors. This is done by connecting each
consecutive control point with a straight line, then
smoothing the curve using a polynomial fit.

Figure 3shows a typical taget N-Factor
distribution and the control points used to calculate
these taget N-Factors. In thisi§ure, Xep 2 = 0.88,
Xop3 = 0.0, Xop, =085, Ny =3, NCp2 8,

Ngp 3 = 10, andN,, , = 15 . Ahead Ok , the target
N-Factor dlstnbutlon forms a buffer reg|on above which
the N-Factors arehallowed to grow so that théofv
will not undego transition at slightly dfdesign
conditions. Then, betweexL , and Xop 4 the N-
Factors are allowed to grow rapldly to force transition at
60% chord for this case.

20 TRANSN
ANALYSIS

Figure 3. A typical tayet N-Factor distribution with
control points

Moreover the third control point is placed at the
location of desired transition, and a nominal transition
N-Factor of 10 is used. Actuallthe transition N-Factor
could have been as low as eight or as high as 15. For
this purpose, the N-Factors were allowed to grow
rapidly between the second and fourth control points.
This reduces the uncertainty in the transition location by
increasing the N-Factor gradient in the transition region.

Extrapolation of Analysis N-Factors

The stability analysis code can calculate N-Factors
only when the boundary layer is attached. This causes
problems if the boundary layer of the current airfoil
separates ahead of the fourth control pot The
second module indure 2 is included to remedy this
situation.
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Suppose the boundary layer of the current airfoilFactors aft ofj. Equation 2 can then be rewritten to
separates at airfoil statiok, say at 30% chord. In account for the corrections made downstream. The tar-
addition, suppose that the fourth control point is locatedjet pressure coefficient that results at an airfoil stgtion
at airfoil stationl , say at 65% chord. This indicates thatis

analysis N-Factors exist only to 30% chord, while thecp Tiu= (CoajutBChis ) *
target N-Factors have been specified back to 65% chord.” "~ X ;AA% (N B (N' FAN 1)) ®)
In the N-Factor design method, which will be discussed A i -1

in the next section, both analysis andjerN-Factors With j = 1 corresponding to the stagnation point, this

must be known ahead of the fourth control point. relation is valid fromj = 2 tg =1 , where s the air-
foil station representing the fourth control poimgp,‘,r.

For this reason, a method was developed tqhe poundary conditions at the stagnation point are

extrapolate the analysis N-Factors from statkoto C -c . @)
station! . The method extrapolates the N-Factors based pTLu - “palu  Tp sty
on the pressures between the two stations. At any Ny, =N; =0 (8)

stationj betweenk and|, the analysis N-Factors are

calculated as This method is used only to design the upper

surface taget pressures since the lower surfacgdtr

N =Nt Nj‘l:('\:lj‘z x pressures are only modtl to meet the geometric
paj-Lu” ~paj-2u constraints.
*(CpaiuCpaj-1d) @) The Pressures in the Recovery Region
whereC, ., represents the upper surface analysis  Once the taget pressures have been calculated
pressure coefficient at statipn . ahead of statiom, the taget pressures in the recovery
The N-Factor Design Method region are calculated, as demonstrated by the fourth

After calculating the tagiet N-Factor distribution module on thelbwchart in fgure 2. These.tglet
and extrapolating the analysis N-Factors, the N-Eactopressures are determined based on the analysis pressures
design method calculates ager pressure distribution " the recovery region of the initial airfoil that was
that moves the analysis N-Factors toward thgetaN- analyzed and a linear pressure ¢icént distribution
Factors. This method, which is shown as the third modt-hat_ IS _eventually usgd .to modify the pressure
ule in the flowchart in figure 2, is based on a target predistribution to meet the pitching moment constraint.
sure-N-Factor relationship that was developed. In this |n order to calculate the @at pressures in this

method, the change in pressure Giomnt required at region, two intermediate pressure distributions are

airfoil stationj to move the analysis N-FactorjatN;,  determined. The first intermediate pressure distribution,
toward the target N-Factor at Ny ; , is C, i 1 is determined by linearly scaling the pressures of
AC, . AAN ) the initial airfoil, C ;. (The linear scaling method
AX, B j @ used is described in Appendix A of reference 1.) As a
where result, the first intermediate pressure distribution is cal-
_ culated using the relation
ACp,j - Cp,T,j,u_Cp,aj,u ®) C ..=2C +
P, s 1 P, n 0
Ax. = |x-—xA_1| 4)
. _ . +Cp,T,I,u_Cp,n,O(C _C ) (9)
AN; = Np =N ®) Colo-Cpno | PEOT RO
In these equationsA is a relaxation parameter \yheren js the trailing-edge station. This expression is
(typically 0.50),%; juis thg upper surface et | iy fromj = | toj = n .
pressure at statiop, C, ,; , is the upper surface
analysis pressure at station and Ax, is the grid The second intermediate pressure distribution,
spacing. J C. . ,, is determined by adding a linear pressurefcoef
P20 T
o . cient distribution toC_ . , . As aresult,
In order to maintain a smooth and continuous target pb 1ox
pressure distribution, onaeC, ; has been calculated at Coi2=Cpio* —-Jcp 07c (10)
stationj, this change irC_ is applied to all of the sta- '_' ” _0'30 o )
tions downstream of as well. In doing this, the flow WhereC, o is the magnitude of the linear pressure

goeficierit distribution at 70% chord. This equation is

downstream of has been changed and, as a result, it i | to
= q =n .

necessary to correct the analysis N-Factors downstreaiSC valid from;
This is done by adding,Nj to each of the analysis N-
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Finally, the taget pressures in the recovery region
are calculated by taking a weighted average of the first
and second intermediate pressure recoveries. (The
weighted averaging technique is discussed in Appendix
B of reference 1.) The upper surfacgy&mpressures in
the recovery region then become
Xn _Xj Xj —XI

C L= ——C ——C
, T ju — 01 —
Pl Xn XI P Xn XI

0.i.2 (11)

Equation 11 is used frofn=1 {o=n

Meeting the Aerodynamic Constraints
The upper surface tget pressures that have been

calculated must now be morifl to meet the lift and
pitching moment constraints. This is shown in ifth f
module on the flowchart shown in figure 2.

In order to modify the taet pressure distribution to
meet the aerodynamic constraints, the upper surface
target pressure distribution is divided into three distinct
regions. The leading-edge region extends from the
leading-edge of the airfoil to the last station where the
N-Factors are zero, which is represented by station
The center region extends from statior 1 to |, the
location of the fourth control point. This is the region
where the N-Factors are growing most rapidimnally,
the recovery region extends from stationl to n, the
trailing-edge.

A method was developed to modify thegetrpres-
sures in such a way that the upper surface NLF would
not be disturbed while meeting the aerodynamic con-
straints. A detailed flowchart of this process is shown in
figure 4 Oncec, andc,, have been calculated, the lift
constraint is checked. Itl,des_cll >C ol thenAC c
is calculated and the target pressures in the three regions
are modified. With

_ 2)‘sn(cl,des_cl)
the new taget pressures in the center and leading-edge
regions are, respectively,

AC (12)

i+1 Al
Cp, Tju "~ Cp, T, j,u+ACp,c (13)
[ N
Cp,T,j|u - Cp,T,l,u+
i+1 i
p,T.mu_ “p T.1,ulAi i a
+Ci Ci DCp, T, j,u_Cp, T,1,uld (14)

pT,mu “pT1Lu

wherei denotes the old tget pressured,+ 1 denotes
the new taget pressures) is a relaxation factor (typi-
cally 0.50) and

_ i 15 Figure 4. A flowchart of how the upper surfacegédr
S = kZz|xl<_xk—1| (15) pressures are modified to meet the aerodynamic con-

START

Y

Yes .
(DOGS ¢meet constram@

y No

CalculateAC,, ¢ -

Y

Modify center pressures

Y

Modify leading-edge pressures

Y

Modify recovery pressures

Y

Calculate cand ¢,

No
(Does ¢ meet constrainﬁ—

* Yes
’[ Does ¢, meet constrai@’
Yes
+ No

Calculate new value of {5 7¢

Y

Calculate cand ¢, [

Modify recovery pressures

STOP

straints
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Once the taget pressures in the leading-edge and centesf 10 million and a lift codicient of 0.40. In order to
regions have been calculated, the method of théave NLF to 70% chord, the N-Factor at 70% chord was
previous section is used to calculate the newdnr to be less than nine on both surfaces. In addition, the
pressures in the recovery region. As shown in thairfoil was to be 14% thick and have a trailing-edge
flowchart in fgure 4, this process is iterated until cruise fap with the pressures in the recovery region
|Cl,des_cll <C 1ol - being determined using an eggmethod. When the
boundary layer had the most eggrthe pressure
gradient was to be the most adverse. Then, as the
boundary layer loses empr the pressure gradient was
to become less adverse so that turbulent separation
would be avoided at the design condition.

Once the lift codfcient meets the desired tolerance
C o (typically 0.01), a new value of 0.7 is calcu-
lated to modify the tget pressures to meet the pitching
moment constraint. The new vaIueG:nyol7c is calcu-
lated as
: ) 24c (¢ —c The NLF(1)-0414F was designed iteratively using
Corore = Cpozc* % (16)  the NYU codé™1?%3to calculate the pressures of each
e intermediate airfoil and the SAM.code™* to perform

wherei_ denotes the_ old value @, ;. andg is a the stability analysis. Modifications were then made by
relaxation factor (typically 0.50). Once the new valuehand to the airfoil geometry to give the airfoil the

of Cp,0.7c has_begn calculated, thg method of thedesired characteristics.
previous section is used once again to calculate the

target pressures in the recovery region. Theear Starting with the NACA 64212 airfoil, a new
pressures are then moidifl again to meet the lift airfoil was designed by the NLF airfoil design method
constraint. This method is iterated until that would meet the same constraints as the NLF(1)-
[C. des— S| S C 1ol and S, des Cnl < Cm tol - where  0414F Since the NLF airfoil design method does not
Cm 1o IS the pitching moment tolerance (typically 0.01). have the capability to use an energy method to prescribe
The development of this entire method can be found ithe pressures in the recovery region, the pitching
reference 1. moment codfcient was constrained by the NLF airfoll
desigh method to be -0.08 on the new airfoil. In
o ) : addition, the airfoil thickness at 85%, 90% and 95%
modified to meet the aerodynamic constraints, the UPP& ord were constrained by the NLF airfoil design

and 'OWeT surface tget pressures are mdei to meet method to prevent the trailing-edge from being too thin.
the leading-edge radius constraints. Then, after

modifying the upper surface @&t pressures to once Figure 5 shows a comparison of the new airfoil and
again meet the aerodynamic constraints, the lowethe NLF(1)-0414F The airfoils designed by the two
surface taget pressures are calculated. These lowedifferent techniques appear to be very similar. Since the
surface taget pressures are determined by linearlyleading-edge radius was not constrained in either
scaling the upper surface get pressures. Once this is design, there is a slight dé&rence between the two
done, the upper surfacedat pressures are once againairfoils in the leading-edge region which isleeted in
modified to meet the aerodynamic constraints. Thdhe mid-chord region. If the leading-edge radius had
processes of modifying the tpat pressures to meet the been constrained, perhaps the airfoils would be even
leading-edge radius constraint and calculating the lowemore similar.

surface taget pressures will not be discussed here.
They have been discussed in detail in reference 1.

Once the upper surface gat pressures have been

Figure 6 shows a comparison of the pressure
distributions of the two airfoils. In general, these
Results pressure distributions also appear to be very similar

The NLF airfoil design method that has beenThere is a little difierence in the leading-edge pressures
described in the previous sections will now be used télue to the diierence in the leading-edge radius of the
design several airfoils for a variety d6d conditions ~ two airfoils. The pressures in the mid-chord region

and constraints. compare very well although they are slightly-sét.
- - L This may be due to the fact that the NLF airfoil design
Airfoil for a General Aiation Application method was able to maintain the thickness of the new

The irst airfoil that is presented was designed foryj | o pe exactly 14% chord, while the maximum
the samelw condlt!gqg and constraints for which the yicyness of the NLF(1)-0414F is actually 14.3% chord.
NLF(1)-0414F airfoif"*"was designed. The NLF(1)- the phumps in the pressure distribution on the lower
0414F has already been tested in a wind-tunnel. Thig, 00 of the new airfoil in the recovery region are due

airfoil was designed to have 70% chord NLF on both, 6 thickness constraints imposed at 85%, 90% and
surfaces at a Mach number of 0.40, a Reynolds numbgjso; <hord.

6
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***** NLF(1)-0414F
NEW AIRFOIL

NLF(1)-0414F, UPPER
025F e NLF(1)-0414F, LOWER
NEW AIRFOIL, UPPER
***** NEW AIRFOIL, LOWER

050 ! ! ! ! |
0.00 0.25 0.50 0.75 1.00

X

0.00 - 0.25 0.50 0.75
Figure 5. A comparison of the NLF(1)-0414F and the *
new airfoil Figure 7. A comparison of the N-Factor distributions of
the NLF(1)-0414F and the new airfoil at M = 0.40, Re =
10 million, and ¢= 0.40

The design of the NLF(1)-0414F airfoil took
77777 WLF0nE approximately one yeawhile the design of the new

NEW AIRFOIL

airfoil using the NLF airfoil design method took only
two days on a Silicon Graphics Indigo2 workstation
with an R4000 processor.

-0.5 -
Airfoil for a Glider Application
As the second application of the NLF airfoil design
method, the glider airfoil presented in reference 1 will
be redesigned to improve the laminaiow
characteristics of the lower surface. The glider airfoil
o ! ‘ ‘ ‘ ‘ was designed for 65% chord upper surface NLF at a
000 025 050 075 100 Mach number of 0.10, a Reynolds number of 3 million,
a lift coefficient of 0.30, and a pitching-moment
Figure 6. A comparison of the pressures of the NLF(1)zoeficient of -0.06. In addition, the airfoil was to be
0414F and the new airfoil at M = 0.40, Re = 10 million, 1504 thick with a leading-edge radius of 1.4% chord.

and ¢=0.40 Front and rear spar constraints were also enforced.

0.0 |-

05 |-

Figure 7 shows a comparison of the upper and In redesigning this airfoil, 65% chord NLF is
lower surface N-Factor distributions of the two airfoils. desired on both surfaces while maintaining the lift and
The N-Factors at 70% chord on the new airfoil are lespitching moment constraints, and the maximum
than nine, as was prescribed. ThegtdrN-Factor thickness and leading-edge radius constraints. It was
distribution discussed previously (ségufe 3) was not assumed that the front and rear spar thicknesses could
used in this design since that type of distribution was notot be constrained while maintaining the desired
prescribed in the design of the NLF(1)-0414f figure  amount of NLF on the lower surface. As a result, the
7, the N-Factor distributions of the new airfoil possesdront and rear spar constraints were removed for the
the same general shape as the N-Factor distributions ofirrent design.
the NLF(1)-0414F In order to meet the lower surface
N-Factor constraint, the lower surface of the airfoil wag,

designed by inverting the airfoil and designing it atredesigned airfoil meets the maximum thickness

G, ges ANd—C, 4 This was done since the N-Factor constraint of 15% chord and has a leading-edge radius

design method discussed previously can only prescribg:’; 3804 chord. Notice that the redesigned airfoil is

the target pressures on the upper surface of the airfoil ;e\ o\ than the glider airfoil in the region from 50% to
that the N-Factor constraint is achieved. 80% chord. This increase in thickness was the

Figure 8 shows a comparison of the glider airfoil
m reference 1 and the redesigned airfoil. The

7
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0.50 -

***** GLIDER AIRFOIL, REF 1 20 -

REDESIGN N TRANSITION

REDESIGN, UPPER

***** TARGET, UPPER

025 | REDESIGN, LOWER Y
S [ TARGET, LOWER

B o GLIDER AIRFOIL, REF 1, LOWER

- — N
y 0.00 -
10 |-

-0.50 L L L L
0.00 0.25 0.50 0.75 1.00 0 — — I =i | |
X 0.00 0.25 0.50 0.75
X

Figure 8. A comparison of the glider airfoil from refer- Figure 10. The upper and lower surface N-Factor distri-
ence 1 and the redesigned airfoil butions of the redesigned airfoil at M = 0.10, Re = 3 mil-

) ) _ lion, and ¢=0.30
mechanism by which a more favorable pressure gradient

was imposed on the lower surface so that lamiioar f  Ajrfoil for a Commuter Aircraft
could be increased. This can be seefgiuré 9, which As the fnal example, the commuter airfoil in
compares the pressure distributions of the two airfoils. reference 1 was redesigned to increase the amount of
NLF on the lower surface, since a lamin&ovi
constraint was only implemented on the upper surface in
the design of this airfoil. This airfoil was designed at a
Mach number of 0.60, a Reynolds number of 20 million
””” GUDER ARFOL REF 1 and a lift codficient of 0.40. The airfoil was to be 12%
thick, with a leading-edge radius of 1% chord. In the
current design, it was desired to maintain 60% chord
NLF on both surfaces with a pitching moment
coefficient of -0.08.

05 |

In the current design, repeated attempts were made
to design a 12% thick airfoil with a 1% chord leading-
edge radius, while meeting the NLF and aerodynamic
constraints. In these attempts, the upper and lower NLF
o ‘ ‘ : ‘ constraints were not being achieved while maintaining

x both the thickness and leading-edge radius constraints.
As a result, the leading-edge radius constraint was
Figure 9. A comparison of the pressure distributions ofeleased so that both of the NLF constraints could be
the glider airfoil from reference 1 and the redesignechchieved. Maintaining the leading-edge radius
airfoil at M = 0.10, Re = 3 million, and & 0.30 constraint would have required the maximum thickness
of the airfoil to be lager than 12% chord. While

Figure 10 shows a comparison between the uppéhaintaining the maximum thickness constraint, the
and lower surface N-Factor distributions of the|eading-edge radius of the redesigned airfoil was 0.78%
redesigned airfoil and the gt N-Factor distributions. chord. All of the other constraints were achieved in this
In this plot, a nominal N-Factor of 13.5 was used todesign.
estimate the location of transition. On both surfaces, the i ) L )
N-Factor distributions meet the gt N-Factor Figure 1L shows the redesigned airfoil and its
distributions. As a result, NLF was achieved on bot{PreSsure distribution at the design conditions. The
surfaces to 65% chord. The plot also shows the lowd@vorable pressure gradients to 70% chord on both
surface N-Factor distribution for the glider airfoil of SUrfaces are responsible for thew remaining
reference 1. The upper surface N-Factor distribution of@Minar Figure 12 shows the upper and lower surface

the glider airfoil is not shown in this plot since it did not N-Factor distributions of the airfoil at the design
change much during the design. conditions. In this figure, an N-Factor of 10 was used to

05|
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estimate the location of transition. This critical value Concluding Remarks

was varied from the previous example to show that the An automated two-dimensional method has been
NLF airfoil design method works for various transition developed for designing NLF airfoils, while maintaining
N-Factors. In this plot, the N-Factor distributions meetseveral other aerodynamic and geometric constraints.
the taget N-Factor distributions that were imposed inThe method has been shown to work for a range of
order to force theléw to undego transition at 60% Mach numbers, Reynolds numbers, and airfoil
chord. thicknesses.

In order to develop this NLF airfoil design method,
several existing CFD codes were coupled together
addition, a process was developed for calculating a

aof target N-Factor distribution that forces transition to
osh occur at the desired location. Using this target N-Factor
o050 distribution, as well as the current analysis N-Factors
G0 and pressures, a method was also developed for
osf Joas calculating a taget pressure distribution. Using this

target pressure distribution, the current airfoil is
redesigned to obtain a new airfoil that is closer to
sf Q 1 meeting the desired Nl.lRerodynamic and geometric
20 — — — — constraints. This method has been used to design a
x number of airfoils, with results shown for glidgeneral

. : - . aviation and commuter applications.
Figure 1. The redesigned commuter airfoil and its pres- PP

sure distribution at M = 0.60, Re = 20 million, andc There are several possibilities for extension of this
0.40 research. The method could be applied to bodies other
than airfoils and wings, with possible applications
The upper surface tget N-Factor distribution in including fuselages and nacelles. In addition, the
this plot resembles the tgat N-Factor distribution that method could be extended to the design of airfoils for
was discussed previously (ségufe 3). The tayet N-  supersonic applications. Sincedarsweep angles are
Factor distribution inigure 12 forms a biéér region needed for supersonic wings, crdesf instabilities
ahead of 50% chord where the N-Factors are nowvould be a major issue. In these cases, boundary layer
allowed to grow above eight. Then, from 50% to 70%suction and blowing is often necessary to help reduce
chord, the N-Factors are allowed to grow rapidly tothe crossflow disturbances. As a result, when extending

force the flow to transition at 60% chord. the method to include supersonic designs, the method
may also have to be modified to account for suction and
blowing.
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